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To determine the effects of age on the myocardium, the
functionaland structural characteristics of the heart were
studied in rats at 3, 10 to 12 and 19 to 21 months of age.
Systemicarterial pressure, left ventricular pressure and
its first derivative (dP/dt) and heart rate were compa-
rable in the three animal groups. In the interval between
3 and 10 to 12 months, mean myocyte cell volume per
nucleus increased 53 and 26% in the left and the right
ventricle, respectively. The total number of myocytenu-
clei remained constant in either ventricle. In the follow-
ing period, between 10 to 12 and 19 to 21 months, a
39% further cellular hypertrophy on the left side of the
Physiologic and biochemical studies (I) have shown that
the aging myocardium is characterized by alterations in the
contractile properties of the heart similar to those observed
after pressure overload hypertrophy of both the left and right
ventricles. On this basis, it has been postulated that with
senescence, the heart develops a moderate degree of hy-
pertrophy (1,2). However, the enlargement of myocytes
with age exceeds the growth of the capillary network, with
a reduction of capillary density in the myocardium (3-7)
and a consequent greater average diffusion distance for ox-
ygen transport to the muscle cells. Despite the presence of
myocardial scarring in the ventricular wall (8), coronary
blood flow remains relatively constant in senescent animals,
decreasing only under stressful conditions (1,8). Whether
the aging-associated alterations in the microvasculature can
lead to a significant loss of cells in the tissue is at present
unknown. To obtain data relevant to these age-related fac-
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heart was found in association with an 18% loss of cells
in the ventricle. Cell loss was accompanied by discrete
areas of interstitial and replacement fibrosis in the sub-
endocardium. In contrast, no myocardial damage was
observed in the right ventricle, and the measured 35%
additional enlargement of myocytes occurred without a
change in cell number. Thus, the aging left ventricle is
composed of a smaller number of hypertrophied cells.
Cellular hypertrophy may explain the unaltered cardiac
function of the aged myocardium.
(J Am Coil Cardiol /986:8:144/-8)
tors, the hearts of rats at 3, 10 to 12 and 19 to 21 months
after birth were studied morphometrically to evaluate the
changes in myocyte size and number in the left and right
ventricular myocardium.
Methods
Experimental preparation. The hearts of 26 male
Sprague-Dawley rats (Charles River Breeding Laboratories
Inc.) were studied at 3, 10 to 12 and 19 to 21 months of
age. These groups consisted of 10, 8 and 8 rats, respectively.
Corresponding body weights were 293 ± 26, 496 ± 55
and 640 ± 91 g. Just before sacrifice, the animals were
anesthetized (Dial-Urethane, 0.7 mllkg intraperitoneally).
After tracheostomy, the femoral artery was cannulated with
a polyethylene catheter, and blood pressure measured with
a Gould P231D transducer. For the measurement of left
ventricular pressure, the right carotid artery was cannulated
with a microtip pressure transducer-catheter (Millar Instru-
ments, Inc.), which was then advanced into the left ven-
tricle. The characteristics of this transducer-catheter have
recently been described in detail (9). The first derivative of
left ventricular pressure (dP/dt) was obtained with an Elec-
tronics for Medicine/Honeywell model RC-I differentiator.
Standard limb lead II of the electrocardiogram was recorded
with needle electrodes to determine heart rate. Tracings of
the electrocardiogram, systemic blood pressure, intraven-
tricular pressure and dP/dt were inscribed on photorecording
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Results
Measurements of the number of myocyte nuclei per unit
volume of myocardium [N(n)vl were obtained using the
equation (12):
The total number of nuclei in each ventricle [N(nhl was
then computed from Nm), and the corresponding total ven-





Nm). = Nrn), . V
Vtrn). = V . Vtm),
V(m)" = V(m)/N(n),
The total myocyte volume [V(mhl divided by the total
number of myocyte nuclei in the ventricle [N(nh] yields
the average myocyte cell volume per nucleus (V(m),,] in
each ventricle in each animal:
The aggregate volume of myocytes in each ventricle of
each animal [V(mh] was then computed from the ventric-
ular volume measurement (V) and the volume fraction of
myocytes in the myocardium [Vtrn),]:
Statistical analysis. All morphometric data were col-
lected without knowledge of other data, and the code was
broken at the end of the experiment. All the results in the
figures and tables show the mean ± standard deviation (SO)
of values determined for the individual animals in each
group. Statistical significance in multiple comparisons among
independent groups of data, in which analysis of variance
and the F test indicated the presence of significant differ-
ences, was determined by the Bonferroni method (13). Prob-
ability (p) values of less than 0.05 were considered to be
significant.
Cardiac weights and physiologic measurements. The
weight of the heart and left and right ventricles and their
relations with body weight are shown in Figure I. The
principal effect produced on the heart and its major sub-
divisions by the aging process was a significant hypertrophic
growth of the left ventricle (inclusive of the septum) and
the right ventricle. During the period between 3 and 19 to
21 months, the mass of the left and right ventricles increased
70 and 57%, respectively. These respective changes were
the result of a 45 and 16% augmentation in ventricular
weight that occurred between 3 and 10 to 12 months, and
18 and 36% between 10 to 12 and 19 to 21 months. re-
spectively (Fig. IA). These increases were smaller than
those in body weight, leading to a reduction in the ratios
of the weight of the heart, left ventricle and right ventricle
to body weight by 23, 22 and 27%, respectively, from 3 to
19 to 21 months of age (Fig. IB).
paper. Measurements were made of heart rate, systolic and
diastolic systemic pressure, left ventricular systolic and end-
diastolic pressure and isovolumic dPldt by averaging 10
consecutive cycles.
Preparation of myocardial specimens. After the func-
tional measurements were made, the hearts were perfusion
fixed as previously described (10). Each heart was then
removed, and the weight of the left ventricle including that
of the septum and right ventricle was recorded. The cor-
responding volumes of myocardium in each ventricle were
determined by dividing their respective weights by the spe-
cific gravity of muscle tissue (1.06 g/ml) (II). Twenty spec-
imens extending from the epicardial to the endocardial sur-
face of both ventricles were obtained from each rat. These
tissue pieces constituting the entire wall of each ventricle
were postfixed in osmium tetroxide, dehydrated in acetone
and embedded in epoxy resin (Araldite). Light microscopic
morphometric analysis was performed on tissue sections
obtained from these large plastic embedded blocks. Counts
were collected in the mid-region of the wall, which was
assumed to be representative of the ventricular myocardium.
Morphometric determination of myocyte nuclear den-
sity and mean myocyte cell volume per nucleus. Eight
randomly chosen plastic-embedded tissue blocks from each
ventricle were sectioned at a thickness of 0.75 J-t using an
MT-I Porter-Bloom microtome and stained with methylene
blue and safranin. Morphometric sampling at a magnifica-
tion of x I ,000 consisted of counting the total number of
myocyte nuclear profiles [N(n)] in a measured area (A) of
tissue sections in which cardiac muscle fibers were sectioned
transversely. A square uncompressed tissue area equal to
6,195 J-t ~ was delineated in the microscopic field by an ocular
reticle (no. 105844, Wild Heerbrugg Instruments, Inc.) con-
taining 42 sampling points. A total of 100 such fields was
evaluated in each rat in each ventricle to determine the mean
number of nuclear profiles per unit area of myocardium
[N(n)AI. The volume percent ofmyocytes in the tissue [Vtrnl.]
was obtained by counting the fraction of points overlying
the myocyte compartment in each of the 100 fields examined
(12).
Average nuclear length (15(n)} was determined in each
ventricle from 50 measurements made at a magnification of
x 1,250 in longitudinally oriented myocytes, viewed with
a light microscope having an ocular micrometer accurate to
0.5 J-t. Five additional plastic-embedded tissue blocks of the
entire wall of each ventricle were cut with myofibers sec-
tioned perpendicular to their length to avoid longitudinal
compression. Sections approximately 2 J-t in thickness were
collected and stained, and 10 measurements of nuclear length
were recorded from the mid-wall of each ventricle. Only
those nuclei were measured in which the nuclear envelope
was sharply defined at both ends and clusters of mitochon-
dria were clearly visible in the areas adjacent to the nuclear
edges.
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Figure I. A, Changes in the weight of the heart (open bar), left
ventricle inclusiveof the septum (hatched bar) and right ventricle
(stippled bar) with age. B, Changes in the ratios of the heart
(open bar) , left ventricle (hatched bar) and right ventricle (stip-
pled bar) to body weightwithage. Values are expressedas mean ±
SO. *Indicates a change that is statistically significantly different
from the correspondingvalue in rats at 3 monthsof age. **Indicates
a change that is statistically significantly different from the cor-
responding value in rats at 10 to 12 months of age.
Mean physiologic measurements taken just before sac-
rifice are illustrated in Figures 2 and 3. Heart rate, systemic
arterial pressure, left ventricular pressure and dP/dt were
comparable in the three groups of rats , demonstrating the
lack of a change in these functional properties of the heart
with age .
Number of myocyte nuclei in the ventricles. Table I
lists the primary measurements utilized for the determination
of the total number of myocyte nuclei in the left and right
ventri cular myocardium. The number of myocyte nuclei per
square millimeter of myocardium progressively decreased
in both ventricles with age . Average nuclear length remained
practically constant in the left ventricle, whereas 12% re-
duction was observed in the right ventricle between 3 and
19 to 21 months. Because of the decrease in nuclear density
and the slight variations in nuclear length, the number of
myocyte nuclei per unit volume of myocardium was mark -
edly reduced in the left and right sides of the heart. However,
Figure 2. Values of heart rate (A), and systolic (.) and diastolic
(0 ) arterial pressures (B) in rats at 3, 10to 12and 19to 21 months
of age. Values are expressed as mean ± SO.
the reduction in this cellular variable was more pronounced
in the left ventricle (- 51%) than in the right ventricle
( - 40%). Table I also shows that the difference in the
volume fraction of myocytes in the tissue was not statisti-
cally significant in either ventricle of the three animal groups.
The total numbers of myocyte nuclei in the ventricles are
shown in Figure 4. These value s were derived from the
products of the total volumes of ventricular myocardium
and the numerical densities of nuclei per unit volume of
tissue . It can be seen that in comparison with rats at 3 and
10 to 12 months of age; a statistically significant difference
in the aggregate number of myocyte nuclei of the left ven-
tricle was present in the older animal group. Since practi-
cally identical values were obtained in the first two age
intervals, the 18% loss of myocyte nuclei must have oc-
curred during the time period between 10 to 12 and 19 to
21 month s. Because the proportion between mononucleated
and binucleated cells does not change in the adult rat heart
(7 ,14,15), this loss in nuclei corresponds to an equivalent
loss of myocytes. In contrast, this phenomenon was not
observed in the right ventricle .
Qualitative structural alterations. At present, it is im-
possible to measure morphometrically the loss of myocyte
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Figure 4. Total number (in mi llions) of my ocyte nuclei in the
left (ha tched bars) and right (st ipp led bars) ventricles of rats at
3, 10 to 12 and 19 to 21 months of age . Values are expressed as
mean ± SO. Asterisks as in Figure 1.
myocardium revealed the presence of foca l areas of inter-
sti tia l and repl acement fibrosis mostly d istributed in the
subendocard ium (Fig. 5). These lesion s were restri cted to
the left s ide of the heart and were found in I to 3 of the 13
sec tions examined in eac h ventricle . Such dam age invo lved
only a minor fraction of the myocard ium that would have
bee n difficult to quant ify. Th ese qua litative findin gs , how-
ever, co nfirm the morphom et ric result s , and suggest that
myocyte loss may prevalently affect the inner zo ne of the
vent ricular wa ll.
Myocyte cell volume. Th e volume percent of myocytes
in the myocard ium , together wit h the total ventricular vo l-
umes and number s of myocyte nuclei , was used to co mpute
the mean ce ll volume per nucleus of left and right ventricul ar
myocytes (Fig . 6). The data dem onstrated a 113% hyp er-
troph y of the myocytes of the left ventricle from 3 to 19 to
2 1 month s. Right ventri cu lar myocytes expanded by 71%
19-21 months10-123
A Left Ventr icular Pressure • mmHg
'''I !
60
:J t t ?I I
3 10-12 19-21
months
B dP/dt , mmHg/sec.
12,000
8.000 1
nucle i in di screte regions of the ventricle because of the
lack of an anatomic landmark that sepa rates the different
layer s of the wall. Therefore , the 18% loss of myocyte nucl ei
represent s the overall reaction of the left ventricle to the
agin g process . Light microscopic obse rva tions of ventricular
Table 1. Num erica l De nsi ty of Myocyte Nucle i in the Left and Right Ve ntric ular Myocard ium
Age 3 Months JO to 12 Months 19 to 21 Months
Left ventricle
N(n)A 1143 ± 80 737 ± 47* 535 ± 37*t
D (il ) 17.5 1 ± 0.99 16.82 ± 0.86 16.94 ± 0.77
N(n), 65.277 ± 5.208 43.905 ± 3.850 * 31.662 ± 2.846*t
%V(m) 83.45 ± 1.37 85.17 ± 1.02 l'!5 .38 ± 2.26
Right ventricle
N(n)A 11 98 ± 94 888 ± 46* 627 ± 96*t
Dtn) 16.70 ± 1.03 15.23 ± 1.32* 14.69 ± 0.96*
Ntn), 71.737 ± 6,430 58.80 1 ± 6.907* 43.0 14 ± 8.194*t
%V(m) 81.40 ± 1.74 83.06 :t 1.45 80.92 ± 3.48
*lndicates a value that is statistically significantly different from the corresponding value in animals <It 3
months of age .
t lndicates a value that is statistically significantly different from the corresponding value in animals <It 10
to 12 months of age. Values are means ± so. O(n) = average longitudinal diameter (length) of myocyte
nuclei in micrometers; N(n)A = number of myocyte nuclei per mnr' of myocardium; Ntn), = number of
myocyte nuclei per mrrr' of myocardium; %V(m) = volume % of rnyocytes in the myocardium.
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Figure 5. Light micrographs of
myocardial tissue from the subendo-
cardium of the left ventricle of a rat
at 3 months (A) and of rats at 19 to
21 months of age (B , C and D). A
focal area of interstitial fibrosis is seen
beneath the endocardial lining (B) .
Small foci of replacement fibrosis are
shown in longitudinal (C) and trans-
versely (D) oriented myocardium. A
and B, Original magnification x 300;
C and D, original magnification
x 650; all reduced by 25%.
during the same interval. These cumulative changes were
the result of a 53 and 26% incre ase in cell volume per
nucleus that occurred between 3 and 10 to 12 months and
a 39 and 35% further enlargement between 10 to 12 and 19
to 21 months in the left and the right ventricle , respectively.
To determine whether myocyte growth exceeds ventric-
ular growth with age. the ratios of the volumes of myocyte s
to ventricular volumes were calcul ated in each animal group
for both ventricles (Fig . 7) . With respect to rats at 3 and
10 to 12 months of age, the older animal group showed an
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average 23% increase in this ratio in the left ventricle. In
contrast, this ratio did not change in the right ventricle.
Figure 6. Changes in myocyte cellvolume pernucleus (in/L"10 ')
of left (hatched bars) and right (stippled bars) ventricular my-
ocytes with age. Values are expressed as mean ± SD. Asterisks
as in Figure I.
Figure 7. Ratios of myocyte cell volume per nucleus to ven-
tricularvolume (in /L'/mm3) in the left (e) and right(A) ventricles
of animals at 3, 10 to 12 and 19 to 21 months of age. Values are
expressed as mean ± SD. Asterisks as in Figure I.
action potential duration (1,17 ,23) have been found to
develop with age. The concomitant alterations in bio-
chemical and electrophysiologic properties of the myocar-
dium, combined with a reduced number of enlarged muscle
cells in the ventricle, may help explain the depressed cardiac
function when an increased load is imposed on the aging
heart (2).
Myocyte hypertrophy with age. It is a general convic-
tion that, as the heart reaches senescence, it undergoes a
modest degree of hypertrophy (2). Cellular hypertrophy based
on the comparison between myocyte cross-sectional area
and average tibial length in the aging rat has been reported
(6). Several morphometric studies have shown that myo-
cardial growth is primarily the result of an increasing volume
of contractile cells (7,14,15). Cardiac myocytes in the rat
retain some capacity for proliferation up to about the age
of weaning (24), although significant hyperplasia may cease
earlier (25). The average size of myocytes also increases in
parallel with body growth, and myocytes possess the ca-
pacity for additional hypertrophy in response to an added
work load (7,26). The observations in our investigation
further demonstrate that myocyte hypertrophy occurs with
age. During the period between 3 and 19 to 21 months, the
average left and right ventricular myocytes increased 113
and 71%, respectively. These values indicate a 59% greater
growth rate in the myocyte population of the left ventricle.
Although the enlargement of myocytes exceeds the ex-
pansion in volume of the left ventricle in the older animal
group, it is impossible at present to distinguish the mag-
nitude of growth dependent on the increase in body mass
with age from that resulting from the loss of myocytes in
the ventricle. The latter condition would generate a greater
work load on the remaining myocytes proportional to the
amount of myocyte loss, as previously observed in exper-
imental cardiomyopathies (27-29) or after myocardial in-
farction (30). The question arises because there is no ade-
quate control for an aging animal. Therefore, physiologic
hypertrophy does occur in the aging myocardium, but the
contribution of pathologic hypertrophy in senescent rats re-
mains to be determined.
Myocyte loss with age. The factors responsible for the
loss of myocytes in the left ventricle with areas of interstitial
and replacement fibrosis in the subendocardium are at pres-
ent unknown. An increase in the collagen content of the
heart (31) and myocardial scarring in the inner layer of the
ventricular wall (8) have been reported to develop with age
in the rat. Ischemic injury is a likely mechanism, although
coronary blood flow is diminished in the senescent rat heart
only under extreme conditions (1,8). Furthermore, a re-
markably normal coronary vasodilating capacity has been
shown in hearts from adult and aged animals (1,8). In con-
trast, thickening of the vessel wall with collagen deposition
and increased stiffness of the major coronary arteries have
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Discussion
Functional and structural properties of the aging heart.
The results of the present study indicate that the aging pro-
cess induces a significant loss of myocytes in the left ven-
tricle, sparing the myocardium of the right ventricle. This
phenomenon becomes apparent at approximately 2 years of
age when focal areas of fibrosis are also detectable in the
subendocardial region of the ventricular wall. No changes
were observed in heart rate, arterial and ventricular pressures
and dP/dt. The maintenance of normal cardiac performance
despite an 18% loss of cells may be attributed to the hy-
pertrophic compensatory response of the remaining my-
ocytes. However, a decrease in the intrinsic mechanical
adaptive capacity of the heart as a function of age has re-
cently been shown (16, 17). Furthermore, a decrease in aden-
osine triphosphatase (ATPase) activity (17-20), an isoen-
zyme shift from V I to V 3 (21,22) and a prolongation of the
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increase in cardiac weight in aging human beings and an-
imals is not accompanied by a proportional expansion of
the coronary tree, inclusive of the capillary microvasculature
(5-7),
Studies on the growing rat heart (34) have indicated that
the concentration of capillaries in the left ventricular myo-
cardium increases rapidly after birth, reaching its maximal
concentration at approximately 1 month of age, The con-
tinuous growth of the myocyte population in the later stages
of life results in an increase in myocyte diameter that, in
turn, leads to a lateral spreading of the adjacent capillary
profiles, with a corresponding decline in capillary density
(5-7), The reduced concentration of capillaries produces a
decrease in endothelial surface accessible for oxygen ex-
change in the tissue and a greater average diffusion distance
for oxygen transport to the myocytes. These capillary char-
acteristics may represent the structural basis for local isch-
emia, resulting in scattered loss of myocytes throughout the
wall in older rats. Because of the smaller functional reserve
of underperfused capillaries in the subendocardium (35,36),
this region can be expected to be more susceptible to isch-
emic injury than are the intermediate and outer layers of the
ventricular wall.
The differential response of the right and left ventricles
with respect to myocyte cell loss was surprising. The in-
creasing blood volume with body mass can be expected to
result in an increased volume load on the heart, a condition
in which an identical additional work demand is applied to
both ventricles. However, the left ventricle is subjected to
a greater pressure load because systemic arterial pressure is
significantly higher than pulmonary pressure. The combi-
nation of these effects on the left ventricle associated with
a deficit in the coronary microcirculation may exceed its
compensatory capacity, leading to myocyte necrosis.
Conclusions. We have demonstrated quantitatively that
enlargement of ventricular myocytes takes place in rats be-
tween 3 and 10 to 12 months after birth, During the time
interval between 10 to 12 and 19 to 21 months, reactive
hypertrophy in response to myocyte loss occurs in the left
ventricular myocardium. Whether this aging-associated event
progresses with senescence and becomes the most signifi-
cant factor for the development of heart failure in the elderly
requires further investigation.
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